This study was conducted to determine the incidence, diversity and distribution of viruses infecting pepper (Capsicum spp.) in the central, northern and northeastern parts of Thailand. During a survey in 2016 -2019, a total of 2,149 leaf samples from symptomatic and asymptomatic peppers were collected randomly from farmer's fields, and preliminary tested by an enzymelinked immunosorbent assay (ELISA) using 7 antibodies specific for cucumber mosaic virus (CMV), chilli veinal mottle virus (ChiVMV), tomato necrotic ringspot virus (TNRV), tobacco mosaic virus (TMV), potato virus Y (PVY), tomato spotted wilt virus (TSWV), and begomoviruses. Our data revealed that the incidence of the viruses infecting pepper in Thailand was high, accounting for nearly 70% (1,482 infected samples). The highest viral incidence was found in the central part (96%), followed by the north (74.4%) and the northeastern (52.8%), respectively. Begomoviruses, CMV, ChiVMV, and TNRV were detected in the samples at varying rates, whereas PVY, TMV, and TSWV were not detected. Of these, the most frequently found virus was Begomoviruses accounting for nearly 33%, with the highest rate (ca. 82%) in the central Provinces of Thailand. In addition, of the 1,482 infected samples, mixed infections among the four viruses were also found in 616 samples (ca. 42%), and CMV + ChiVMV (approximately 11%) was the most common mixed infection. This is the first report describing an occurrence of viruses in pepper of Thailand, and the results obtained have revealed that viruses infecting pepper are widespread, which may pose a threat to pepper production in Thailand.
Introduction
Hot pepper (Capsicum spp.) native to Central and South America presently dominates the world's hot spice trade, and due to its popularity, the pepper plants have been cultivated worldwide with a large annual production rate [1] . Due to its pungent taste and aroma, pepper becomes an important cash crop for farmers in many developing countries such as China, India, Pakistan, Indonesia, and Thailand.
Peppers in Thailand can be classified into two types based on fruit sizes: long and short. The length of the long peppers ranges from 9 -15 cm and its pungency is from low to medium-hot, whereas that of the short ones varies from 2 -7 cm and the pungency ranging from medium to very hot [2] . Two major Capsicum species are cultivated in Thailand: C. annuum and C. frutescens, although it should be noted that C. annuum is predominant and widely grown throughout the country [3] . Distinct morphology mainly by corolla color and number of flowers per node allow easy discrimination of these two species [4] . Peppers are grown on nearly 23,000 ha in Thailand with an annual production of about 170,000 t in 2016 [5] . Due to traditional practices, various factors are found to affect the pepper production yield. It has been estimated that pests and diseases were the major cause accounting for 40% of the yield loss of pepper production in Thailand in 2012 [6] .
One of the most significant problems affecting pepper production is its susceptibility to various microbial pathogens (e.g., bacteria, fungi, and virus), leading to severe diseases and significant yield losses [7] . Viruses in particular can cause heavy production losses. To date, 65 viruses have been reported infecting pepper throughout the world [8] . These include the Genera of Potyvirus, Tobamovirus, Tospovirus, Cucumovirus and Begomovirus [9] . Begomoviruses causing chilli leaf curl virus disease (ChiLCVD) is one of the most destructive viruses in terms of incidence and yield loss. In severe scenarios, 100 percent losses of pepper fruit have been reported [10, 11] . The whitefly Bemisia tabaci is a key factor of begomovirus distribution and has been recognized as a cryptic species consisting of more than 110 species in the genera [12] . Several begomoviruses have also been reported infecting many vegetable crops, ornamental plant and weed species including tomato, eggplant, pepper, cassava, bean, chrysanthemum, okra and ageratum [13] [14] [15] [16] [17] . Mixed infection of two different begomovirus species found in pepper plants appears to cause more severe symptoms than single infection [18] . Recently Pepper yellow leaf curl Thailand virus (PepYLCTHV) has been identified as a causative agent of Yellow leaf curl disease (YLCD) of pepper in Thailand with the yellow leaf curl symptoms [19] . Investigations on the incidence and distribution of viral diseases are a crucial step in developing diagnostic tools and suitable control means. The present study was carried out to determine the incidence and distribution of viruses, infecting pepper in Thailand.
Materials and methods

Sample collection
Field surveys were conducted during the pepper planting season of 2016-2019 (March 2016-March 2019) in three major production areas of Thailand (central, northern and northeastern regions). The central part encompassed Kanchanaburi, Ratchaburi, and Suphan Buri; the northern areas were Chiang Mai, Lampang, Phrae, Tak, and Nan; whereas the north-eastern region included Chaiyaphum, Khon Kaen, Sisaket, Sakol Nakhon and Ubon Ratchathani ( Figure 1 ). Pepper cultivars grown in Thailand were short erect fruit type of hot peppers including both Capsicum annuum and C. frutescens species. For the areas used in our study, C. annuum was the predominant species widely grown in nearly all the field, whereas C. frutescens was only found in Kanchanaburi (approximately 50%). For this survey, the pepper samples were randomly collected throughout the plantation area of each study site. In general, the pepper plants in the field of all study areas were grown in a row-pattern with a distance of 70 cm between the rows (see Figure 2 ). The pepper plants were then cultivated with a distance of 40 cm within the same row. The sampling point was random covering three pepper planting rows, and the pepper samples were then collected from the left of the first row (position a, Figure 2 ) and from the right of the third row (position b, Figure 2) , with a distance of 5 m from one point to another (position a to b). The sample collection was then performed in a similar manner to the end of the rows, and this collection pattern was performed throughout the plantation area. In this present study, a total of 2,149 pepper samples with and without diseased symptoms were eventually collected and transferred to polyethylene bags. The samples were kept in refrigerated containers and brought to the laboratory where they were kept at -20 o C until further analysis.
Enzyme-linked immunosorbent assay (ELISA)
For initial screening, pepper leaf samples were tested using direct antigen coating ELISA (DAC-ELISA) for presence of cucumber mosaic virus (CMV), chilli veinal mottle virus (ChiVMV), tomato necrotic ringspot virus (TNRV), tobacco mosaic virus (TMV) with a specific polyclonal antiserum from Plant Health Clinic (Kasetsart University, Thailand) and tomato spotted wilt virus (TSWV) from BIOTECH (NSTDA, Thailand). Double and triple antibody sandwich ELISA (DAS and TAS-ELISA) were also performed to detect the presence of potato virus Y (PVY) (Agdia, USA), and begomovirus (NSTDA, Thailand), respectively. Leaves of virus-infected pepper plants were used as a positive control, and healthy pepper leaf samples were used as negative control.
For DAC-ELISA, about 0.2 g of fresh leaf samples were ground in 2 ml of carbonate coating buffer (15 mM Na 2 CO 3 and 34.9 mM NaHCO 3 pH 9.6, 0.2% sodium diethyldithiocarbamate trihydrate). 100 μl of the prepared sap were transferred into flat bottom 96-well EIA/RIA microtiter plate (Costar, USA). The plates were incubated at 37°C for 1 h, and washed three times with 200 μl of phosphate buffer saline plus 0.05% Tween 20 (PBST). The plates were blocked with 100 μl of blocking buffer (2% (w/v) skim milk in PBST) overnight at 4°C. When the incubation was complete, the plates were washed with PBST as described above. Polyclonal antiserum was then added to each well (100 μl) and incubated for 1 h at 37°C. After the incubation, the plates were washed with PBST, and the primary antibodies were detected by addition of 100 μl goat anti-rabbit alkaline phosphatase (GAR) (Sigma-Aldrich, USA). The plates were then incubated for 1 h at 37°C and washed with PBST. Substrate for alkaline phosphatase (100 μl of p-nitrophenyl phosphate (1 mg/ml); Life Technologies, NY, USA) was added, and after a 1 h incubation at 37°C, the reactions were qualitatively indicated by development of yellow color, and quantitatively measured by the absorbance at 405 nm (OD 405 ) using a microplate reader (TECAN, USA). The reaction was considered positive when the OD 405 was at least two times of the healthy samples cut-offs value.
The DAS-ELISA test was performed in accordance with manufacturer's protocol. EIA/RIA microtiter plates were coated with capture antibody in coating buffer and incubated at for 4 h at room temperature. Leaf tissue was extracted in the extracting buffer (GEB; 0.13% sodium sulfite, 2% polyvinylpyrrolidone MW 24-40,000, 0.02% sodium azide, 0.2% powder egg albumin, 2% tween-20, pH 7.4). 100 μl of the prepared sample were transferred into the plate, followed by addition of enzyme conjugate, prepared in ECI buffer (0.2% bovine serum albumin, 2% polyvinylpyrrolidone MW 24-40,000, 0.02% sodium azide, pH 7.4). The assay method was carried out as those described above.
All leaf samples were also tested using TAS-ELISA protocol as reported previously [20] . Plates were coated with rabbit polyclonal antibody to begomovirus diluted 1:5,000 in coating buffer and incubated for 2 h at 37°C. When the incubation was complete, the plates were blocked with 2% (w/v) BSA in PBST for overnight at 4°C. Sap extracts were prepared by grinding leaf tissues (1 g) in 5 ml of extraction buffer (0.05 M Tris-HCl; 0.06 M sodium sulfite, pH 8.5), and incubated for 1 h at 37°C. Monoclonal antisera M1 (diluted 1:200) and D2 (diluted 1:800) in 0.5% (w/v) BSA in PBST was then added separately, and the plates were incubated for 1 h at 37°C. After an incubation, the plates were washed with PBST, and the primary antibodies were detected by addition of 100 μl goat antimouse alkaline phosphatase (GAM) (Sigma-Aldrich, USA). The plates were then incubated for 1 h at 37°C and washed with PBST. 100 μl of p-nitrophenyl phosphate (1 mg/ml) (Life Technologies, NY, USA), a substrate for alkaline phosphatase was subsequently added, and incubated at 37°C for 1 h. The detection steps were then performed as previously described. 
DNA extraction and PCR assay
Total genomic DNA was prepared from pepper leaf sample following following Dellaporta's procedure [21] with the following modifications. Small amount (0.1 g) of fresh leaf tissue was ground using polypropylene pellet pestle in a microfuge tube containing 500 μl of extraction buffer (0.1 M Tris-HCl pH 8, 0.05 M EDTA, 0.5 M NaCl) and 33 μl of 20% SDS was then added. The tube was vortexed for 2 min and incubated in water bath at 65°C for 10 min. 160 μl of 5 M potassium acetate was added, and the suspension was mixed by vortexing for 2 min and centrifuged at 12,000 rpm for 10 min. The supernatant was transferred to a new 1.5 ml clean tube. The DNA was then precipitated with 0.5 volume of isopropanol. The liquid was mixed gently, centrifuged at 12,000 rpm for 10 minutes and then was discarded flow through. The DNA pellets were washed with 500 μl of 70% ethanol, centrifuged at 12,000 rpm for 5 min and dried in room temperature after discarding the flow through. Finally, the dried DNA pellets were resuspended in 100 μl of nuclease free water.
The presence of the begomovirus DNA-A genomic component was then conducted using the primers PAL1v1978 (5'-GCATCTGCAGGCCCACATYGTCTTYCCNGT-3') and PAR1c496 (5-'AATACTGCAGGCTTYCTRTACATRGG-3') [22] . The PCR mixture was set up in a volume of 25 μl containing DreamTaq Green PCR Master Mix (Thermo Fisher Scientific, USA), 1.0 μM each of primer PAL1v1978 and PAR1c496, and 1 μg of DNA. The DNA was amplified in a thermalcycler GeneAmp PCR System 2700 (Applied Biosystems, USA) with 2 min at 95°C for pre-heating, followed by 30 cycles of denaturation (95°C for 30 s), annealing (55°C for 30 s), and extension (72°C for 60 s). The last step was carried out at 72°C for 10 min, and decreased at 4 o C. The amplified products were then visualized by electrophoresis in 1% agarose gel in 0.5X Tris-buffer EDTA (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA).
Results and discussion
Symptoms in diseased plants
Fieldwork was conducted at local farmer's fields of central (3 Provinces), north (5 Provinces), and northeastern (5 Provinces) regions of Thailand (Table 1 and Figure  1 ). Approximately 5,000 to 30,000 pepper plants were grown at each field in which its plantation area ranged from 0.16 -0.96 ha. Based on general observation, all the farms surveyed seemed to have varying degree of viral disease incidence. Some typical characteristics of the viral symptoms are shown in Figure 3 . Peppers with and without the diseased symptoms were then collected to determine the presence of the viruses. The numbers of the pepper samples collected were different depending on the size of the plantation area (i.e., the greater the plantation area, the more the samples collected). Typical virus-like diseased characteristics of the pepper samples collected were i) mosaic ii) yellowing; iii) leaf curling; iv) mottle; v) ring spot; vi) necrosis ( Figure 3 ). The first three features have been frequently found in most fields which is typically caused by Pepper yellow leaf curl virus (PepYLCV) [19] . Similar findings of this yellow leaf curl disease have also been detected in pepper grown in India [23] , Indonesia [24] , and Pakistan [25] . These types of symptoms have also been diagnosed as typical characteristics of the yellow mosaic disease in various plants including yard long bean [16] , and yellowing, curling and crumpling symptoms on tomato [26] . In Thailand, pepper begomoviruses were detected associated to yellow leaf curl disease with striking symptoms; these included yellow mosaic of leaves, leaf distortion, small leaves, pale green or yellow fruits, and deformed fruits [19] .
The characters of mosaic and mottle is also known to be caused by CMV and ChiVMV [27] , whereas necrosis and ring spot are caused by tospoviruses [28] . Severe infection can lead to a stunt of plant growth and the pepper fruits 2. Negative samples did not show positive reactions with all antisera tested suggesting that the pepper samples were healthy.
3. Capsicum annuum was the predominant variety cultivated in most of the areas selected in the present study. There were only the local farms in Kanchanaburi in which both C. annuum and C. frutescens were grown, and both varieties were collected equally.
are reduced size (Figure 3 ). Severe symptoms were clearly observed in Kanchanaburi area (data not shown) which was in agreement with highest infection rate (Table 1) . High incidence rate of the CMV and ChiVMV from the pepper fields has also been reported in northern Benin [29] , northeastern region of India [30] . In Thailand, the occurrence of TNRV infecting field crops (e.g., tomato and pepper) was previously described [28, 31] . Susceptible pepper plant to TNRV typically showed necrotic ringspots on leaves, stems, and fruits; other features were apical leaf distortion, mosaic in older leaves, and severe stunting [28, 32] . In this present work, the characters similar to those mentioned were also found in the peppers infected with the TNRV in pepper (see Figure 3c ). However, it should be noted that the diseased characteristics of the peppers infected by the viruses are often ambiguous, and these observed features are thus difficult to be used for identifying the disease-causing virus species. This is particularly obvious especially for the case of mixed viral infections.
Incidence of viruses
By using ELISA technique, the presence of the selected viruses was examined in Thai peppers. Table 1 shows an incidence and distribution of these viruses. Our data revealed that the peppers tested were infected with Begomovirus, CMV, ChiVMV, and TNRV. However, no reaction occurred with the antibodies of TMV, TSWV, and PVY, suggesting the absence of these viral groups in the peppers tested. According to Table 1 , the incidence of the viruses infecting pepper in Thailand was quite high accounting for 69% (1,482 infected samples). This value was also in agreement with the same number of the pepper samples showing viral-diseased characteristics (1,482 diseased samples). The remaining 667 samples (31%) were not infected by the viruses as shown by their morphological characteristics and this was further confirmed by their negative ELISA reaction ( Table 1) . The incidence and distribution of the infected viruses were also varied based on the region of the collecting sites. Our data revealed that the highest viral incidence was found in the central part (96%), followed by the north (74.4%) and the northeastern (52.8%), respectively. Begomoviruses, CMV, ChiVMV, and TNRV were detected in the samples at varying rates, whereas PVY, TMV, and TSWV were not detected. In the central part, 96% of the peppers were virus-infected in which 82.3% were from Begomovirus, 30.4% with TNRV, 18.1% with CMV, and 11.7% with ChiVMV. For the north area, there were 74.4% of the viral incidence; of these, 31.5% were infected with CMV, 25.3% with ChiVMV, 22.4% with Begomovirus, and 18.6% with TNRV. In the northeast region, of 52.8% virus incidence, the high rate of the CMV was found (25.4%), followed by ChiVMV (23.4%), Begomovirus (16.5%), and TNRV (14.9%). In summary, of 2,149 tested samples, 703 (32.7%), 552 (25.7%), 461 (21.5%), and 418 (19.5%) were found to be infected with Begomovirus, CMV, ChiVMV, and TNRV, respectively ( Table 1) . As a result, Begomoviruses seemed to be the predominant ones accounting for nearly 33% of the total incidence with the highest rate of ca. 93% in Ratchaburi (central part). CMV was the second group accounting for 25.7% with the greatest proportion of 80.9% in Phrae. The incidence of ChiVMV and TNRV was 21.5 and 19.5% with their highest rate in Lampang (69.5%), and in Sakol Nakhon (60.3%), respectively. This variation may be derived from many factors (e.g., geographic parameters, cultivation conditions, farm management, and viral vectors) [13] . Virus incidence was found in all Provinces of the central and northeastern regions, whereas no detection of some viral groups was observed in some Provinces of the northern area. For example, Begomoviruses were not found in Lampang, Tak, and Nan. CMV was absent in Tak, and there was no TNRV in Phrae. This is probable due to the fact that efficient vectors are not present, or to the fact that primary source of viral inoculum was absent [33] . Indeed, based on our observations, the weed hosts that may act as the viral sources were absent in the plantation areas of these northern Provinces, and thus may be the cause of this finding (data not shown). It is worth nothing that the high incidence of the begomoviruses found in this study was probably due to the antisera M1 and D2 which were specific to at least four begomovirus species [20] . As a result, more than one begomovirus species may be present in the infected pepper samples tested, and further identification of which species responsible for the infection would be a future task.
In addition, the present study also revealed mixed viral infections in these diseased pepper plants. It was found that the pepper samples could be infected by two, three, and four different viral groups (Figure 4 (Figure 4 ). Of all these, CMV + ChiVMV infection was mostly found with an incidence rate of 11.4%. Previous work has showed that mixed infections are common in the field, and can cause a serious problem in plant production [34, 35] . Figure 5 shows representatives of diseased characteristic of peppers cause by mixed viral infection. Mixed infection of viral disease on solanaceous crops are typical in the fields as shown by several studies [29, 36] . A multiple infection of 5 different viruses has been described in the infected pepper samples analyzed by DAS-ELISA [37] . At least 11 viruses have also been found co-infected in pepper plants [9] . Thirteen begomoviruses have been identified in diseased tomato, pepper and eggplant from different countries of Southeast and East Asia [13] . It should also be noted that this mixed infection may provide a chance for genetic recombination among the viruses present [38] .
Detection of Begomoviruses by PCR
Due to high incidence of Begomovirus as mentioned above, further work was then performed to confirm the (Table 1 ). It should be noted then that there were 93 samples (11.7%), showing negative for begomovirus incidence by using this antibody, although they also exhibited the yellow mosaic diseased symptoms. The ELISA technique used to detect the Begomoviruses was developed by Seepiban et al. [20] . For this, the two developed monoclonal antibodies (M1 and D2) were specific to only 4 begomovirus species (Tomato yellow leaf curl Thailand virus (TYLCTHV), Tobacco leaf curl Yunnan virus (TbLCYnV), Tomato leaf curl New Delhi virus (ToLCNDV) and Squash leaf curl China virus (SLCCNV) [20] . This restriction may be one of the drawbacks to detect other begomoviral species as appeared in the present study. To determine if the Begomoviruses were present in the negatively ELISAreacted pepper samples, a PCR assay was introduced. For this, the degenerate primers PAL1v1978 and PAR1c496 previously shown to be specific to the begomovirus group [22] , were selected and used to confirm this. Based on the PCR analysis, the DNA fragments of approximately 1.3 kb were amplified from total DNAs extracted from 93 ELISAnegative samples ( Figure 6 ). A pair of these primers have been reported to use successfully in detecting the presence of the DNA region encoding coat protein, common region, and replicase of the begomovirus DNA-A component with an expected size of 1.1-1.4 kb [22] . Successful amplification of this specific DNA sequence of the begomovirus group has also been described and identified Squash leaf curl virus (SLCV) from symptomatic Cucurbita pepo in Jordan [39] , Tomato leaf curl virus (TLCV) in viruliferous whiteflies [40] , sweet pepper in Oman [41] .
Conclusion
The present study was carried out aiming to determine the virus incidence of the pepper plants in Thailand. We initially screened the virus incidence using the ELISA technique. Our data showed that Begomoviruses were common, following by CMV, ChiVMV, and TNRV. The viruses can be found singly and in mixed infections (either two, three, or four). For Begomovirus detection, subsequent confirmation using PCR is needed to confirm its presence in the ELISA-negative samples, as demonstrated by a successful amplification of the DNA target. However, the serotyping means seems to be practical for initial screening of the virus infection. Our present study suggests the need for regular survey to monitor the virus infection. If this is planned, it would help the Thai farmers to plan for viral disease control on pepper effectively and sustainably. 
